Salmonella typhimurium, like Escherichia coli, has a methionine-regulated b-aspartokinase and homoserine dehydrogenase in addition to threonine-sensitive and lysine-sensitive aspartokinase isoenzymes and a threonine-sensitive homoserine dehydrogenase. These methionine-regulated enzymes are not subject to feedback inhibition by methionine (or by methionine and Sadenosylmethionine), but the homoserine dehydrogenase is inhibited by the methionine precursor cysteine and to a lesser extent by homocysteine. Studies of enzyme concentrations in methionine analogue-resistant strains show that mutations which lead to . de-repression of the later methionine-forming enzymes also result in de-repressed synthesis of the methionine-regulated ,&aspartokinase and homoserine dehydrogenase, although the methionineforming enzymes as a whole are not subject to co-ordinate control.
INTRODUCTION
In Salmonella typhimurium methionine arises from homoserine via O-succinylhomoserine, cystathionine and homocysteine, and the enzymes which catalyse this pathway are subject to control by the end-product, such that the synthesis of all of them (homoserine-0-transsuccinylase, cystathionine synthetase, cystathionase and the homocysteine methylase complex) are repressed by methionine, and the activity of the first is inhibited by it (Rowbury, 1964) . Homoserine arises from aspartate in bacteria Vqa series of reactions catalysed by the three enzymes ,&aspartokinase, aspartate-,& semialdehydedehydrogenase and homoserine dehydrogenase. These three reactions are common to the formation of threonine and methionine, while the first two are also essential for lysine synthesis (Stadtman, 1963) . Extensive studies have established that three distinct fl-aspartokinase enzymes regulated respectively by lysine, methionine and threonine + isoleucine, and two homoserine dehydrogenase enzymes regulated, respectively, by threonine + isoleucine and by methionine, are formed by Escherichia coli (Stadtman, 1963; Patte, Le Bras, Loviny & Cohen, 1963; Patte, Le Bras & Cohen, 1967 ). The present work shows that S. typhimurium also has a methionine-regulated p-aspartokinase and homoserine dehydrogenase, together with enzymes regulated by lysine and threonine + isoleucine.
To study further the regulation of methionine synthesis in Salmonella typhimurium, mutants insensitive to the growth-inhibitory effects of methionine analogues have been
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isolated (Lawrence, Smith & Rowbury, 1968) . Most of these mutants excrete methionine and they fall into at least four phenotypically distinct groups: metl, metJ metK (all excreting), and metK (non-excreting). Metl strains are no longer subject to feedback control of the first methionine-forming enzyme, homoserine-0-transsuccinylase, (Rowbury, Ayling & Chater, unpublished observations) , while metJ and excreting metK strains, all of which overproduce methionine, no longer show enzyme repression of cystathionine synthetase, cystathionase and the homocysteine methylase complex. Control of methionine synthesis is, however, normal in the non-excreting metK strains (Lawrence et al. 1968 ). The experimental results described in the present paper show that the effect of mutation to analogue-resistance upon the methionine-specific b-aspartokinase and homoserine dehydrogenase is similar to that upon the later methionine-forming enzymes.
METHODS
Organisms. The strains of Salmonella typhirnurium used in the present work were maintained on slopes of Oxoid nutrient agar at 2-5" and subcultured at monthly intervals. Strain HfrB2 and its analogue-resistant derivatives metI706, metJ714, metK721 and metK731, which were all prototrophs, have been described previously (Lawrence, et al. 1968) . Strain metBz3 responds to methionine, homocysteine or cystathionine, and is deficient in cystathionine synthetase (Smith & Childs, 1966) .
Growth of organisms and preparation of extracts. Organisms were grown in the minimal medium of Davis & Mingioli (1950) at 25' on a reciprocating shaker (60 strokes/min.) for 16 to 18 hr. They were harvested, washed once with a culture volume of water and extracts prepared by ultrasonic disintegration (Rowbury & Woods, 1961) .
Enzyme assays. Cystathionine synthetase and cystathionase were assayed as described by Rowbury & Woods (1966). b-Aspartokinase was assayed by measuring aspartylhydroxamate formation. Sodium aspartate (5 mM), ATP (5 m~) , MgClz (2 m~) and hydroxylamine (0.2 M) were incubated with ultrasonic extracts containing 2 to 4 mg. protein in a final volume of 2 ml. tris buffer (10 m~, pH 8.1) for 2 hr at 30".
Aspartyl hydroxamate was measured by adding 0.2 ml. 4 N-hydrochloric acid, 0.5 ml.
25 % trichloracetic acid and I ml. of 5 % ferric chloride in 0.1 N-hydrochloric acid.
Extinctions of the contents of the reaction tubes were measured at 55omp in a Unicam SP 600 spectrophotometer. Homoserine dehydrogenase was assayed by following the reduction of NADP. Homoserine (50mM) and NADP (0.3 mM) were incubated at 30" in 3 ml. tris buffer buffer (roo m, pH 9.0) +potassium chloride (300 m~).
Ultrasonic extract (2 to 5 mg. protein) was added at time zero and NADP reduction followed at 340 mp in a Unicam SP 800 recording spectrophotometer.
RESULTS

b-Aspartokinase and homoserine dehydrogenase in Salmonella typhimurium
Organisms of the prototrophic HfrB2 strain of Salmonella typhimurium grown in minimal medium had readily measurable amounts of /3-aspartokinase and homoserine dehydrogenase. Studies of the /3-aspartokinase activity suggested the presence of three isoenzymes. Part of this activity (about 20 yo) was inhibited by threonine (6.6 mM) and another part (about 45 %) was inhibited by lysine (6-6 m~) .
The presence of a threonine-Regulation of homoserine synthesis 339 regulated isoenzyme was confirmed by the observation that organisms grown with threonine (2 mM) + isoleucine (2 mM) had decreased values of the threonine-inhibited activity, while a decrease in the lysine-inhibited portion elicited by the addition of lysine (2 mM) to the culture fluid reinforced the view that a lysine-controlled isoenzyme was formed by strain HfrB2. When organisms were grown with threonine (2 m) + isoleucine (2 m) +lysine (2 m) the aspartokinase activity remaining was insensitive to threonine (6-6 m) +lysine (6.6 m) and this represented a methionine-regulated isoenzyme because its synthesis was repressed at least twofold by 10 f~l~ methionine (Table I) . Table I . The efect of methionine on the formation of P-aspartokinase and homoserine dehydrogenase in Salmonella typhimurium
Organisms were grown at 25' in minimal medium supplemented with threonine+ isoleucine +lysine (all at 2 nm), and with methionine (10 m) added where stated. For strain metBz3 homocysteine (0.3 nm) was added when methionine was not present. Enzyme assays were as described in Methods but for ,8-aspartokinase threonine (6.6 nm) and lysine (6.6 m) were added and for homoserine dehydrogenase threonine (6.6 mM) was added. The major portion (about 60%) of the homoserine dehydrogenase activity of Sdlmonella typhimurium HfrBz (grown in minimal medium) was inhibited by threonine (6.6 m) and when organisms were grown in minimal medium + threonine (2 m) + isoleucine (2 mM) this threonine-inhibited portion was decreased twofold. The residual homoserine dehydrogenase present in organisms grown in minimal medium + threonine + isoleucine + lysine (all at 2 mM) was not inhibited by methionine but was decreased twofold when methionine (10 mM) was also present in the culture medium (Table I) . To simplify study of the methionine-regulated enzymes in all subsequent experiments, organisms were grown in media containing threonine (2 m) + isoleucine (2 m) + lysine (2 m), to repress as far as possible the synthesis of the lysinesensitive and threonine-sensitive isoemymes, and enzyme assays were made in the presence of threonine (6.6 m) + lysine (6.6 mM), or of threonine alone in the case of homoserine dehydrogenase.
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Methionine-regulated p-aspartokinase and homoserine dehydrogenase
For further study of the methionine-regulated ,8-aspartokinase and homoserine dehydrogenase the methioninerequiring strain metB2g was used with which conditions of methionine limitation (and therefore enzyme derepression) could be achieved. Organisms were grown with 10 m-methionine (excess methionine) or with 0.3 mMhomocysteine (which provided a growth-limiting amount of methionine). The amounts of p-aspartokinase and homoserine dehydrogenase were very low in the former culture (Table I) , but high activities were found in the methionine-limited organisms, these being four-to fivefold higher than those of strain HfrBz grown in minimal medium (Table I) .
Methionine and some of its precursors and related compounds were tested for possible feedback effects on these methionine-repressed enzymes. S-Adenosylmethionine was included among the compounds tested because of its co-operative effect with methionine in the regulation of homoserine-0-transsuccinylase (Lee, Ravel & Shive, 1966) . /?-Aspartokinase was not inhibited by methionine ( 6 . 6~) either alone or in the presence of S-adenosylmethionine (6.6 mM); the methionine precursors cysteine, homoserine, cystathionine and homocysteine (all tested at 6.6 mM) were also without appreciable effect ( Table 2) . Methionine, S-adenosylmethionine and cystathionine also did not affect homoserine dehydrogenase, but cysteine and homocysteine markedly inhibited its activity ( Table 2 ). The methionbe-regulated homoserine dehydrogenase showed normal kinetics with respect to both homoserine and NADP; the K, for homoserine was about 2-5 m and for NADP about 0.1 mM. 
The efect of methionine and related compounds on the activities of /3-aspartokinase and homoserine dehydrogenase in Salmonella typhimurium
Organisms of strain metBz3 were grown at 25' in minimal medium supplemented with threonine+isoleucine+lysine (all at 2 m). Enzyme assays were as described in Methods with threonine (6-6 mM) and lysine (6.6 R~M ) added in the case of /3-aspartokinase, and threonine (6.6 w) alone added in the case of homoserine dehydrogenase. Other additions are as stated below. Enzyme levels in analogue-resistant strains The methionine-regulated ,!?-aspartokinase and homoserine dehydrogenase were present in low amounts (comparable with those in HfrB2)in metI706 and the nonexcreting metK731 and ther activities were subject to repression by methionine (Table I) . MetJ714 and the excreting metK721, however, had much higher amounts of enzyme, comparable to those in metB23 when grown under conditions of methionine limitation, and methionine repressed enzyme formation either only slightly in these strains or, with respect to the homoserine dehydrogenase of metK721, actually resulted in an increase in the amount of this enzyme (Table I) . Table 3 shows the amounts of two other methionine-forming enzymes in these strains for comparison with ,&aspartokinase and homoserine dehydrogenase. Table 3 . De-repression of methionine-forming enzymes in Salmonella typhimurium by mutation to analogue-resistance
Organisms were grown at 25O in minimal medium with the supplements described in Table 2 . fl-Aspartokinase and homoserine dehydrogenase assays were conducted as described in Table 2 , while the cystathionase and cystathionine synthetase activities were measured as described in Methods. 
S. typhimurium
DISCUSSION
Salmonella typhimurium, like Escherichia coli, has methionine-regulated /%asparto-kinase and homoserine dehydrogenase isoenzymes. It seems likely that endogenous methionine partially represses both enzymes in wild-type strains because limitation of methionine in strain metB2g increased the enzyme levels four-to fivefold (Table I) . The methionine-regulated enzymes, unlike the other isoenzymes, were not subject to feedback inhibition of enzyme activity by end-product ( Table 2) ; neither methionine, S-adenosylmethionine or methionine + S-adenosylmethionine affected either activity.
Homoserine dehydrogenase was, however, strongly inhibited by cysteine, which provides the sulphur for methionine synthesis. Datta ( I 967) observed inhibition of homoserine dehydrogenase by cysteine in E. coli, although the methionine-regulated enzyme was not specifically studied. Datta proposed that the inhibition served a regulatory function to prevent methionine over-production during growth at high concentrations of cysteine. In view of the inhibition of the same enzyme by homocysteine (Table 2) it may be that the effect is a non-specific one akin to the inhibitory effects of cysteine and homocysteine on cystathionase (Wijesundera & Woods 1962 ).
The present work shows that the regulatory genes which control the amounts of the enzymes which catalyse methionine synthesis from homoserine also influence synthesis of the /I-aspartokinase and homoserine dehydrogenase, in that the latter two enzymes are de-repressed in met.? and excreting metK strains. Control of the methionineforming enzymes is not, however, co-ordinate since the extent of possible de-repression varies from enzyme to enzyme. Thus, mutation to analogue resistance leads to about six-to eightfold increase in p-aspartokinase, and a fourfold increase in homoserine dehydrogenase as compared with a 10-to 18-fold increase in cystathionine synthetase but only a twofold increase in cystathionase (Table 3) .
